Abstract. Thanks to the low weight, magnesium alloys feature high specific strength and stiffness properties. Thus they prove to be promising materials for todays ambitious automotive light weight construction efforts. Due to their comparative low formability at room temperature the process of magnesium sheet hydroforming can be improved at temperatures higher than 200 °C by the activation of additional sliding planes. This paper illustrates the determination of mechanical properties for the hydroforming of magnesium sheets at elevated temperature. In particular the mechanical behavior at elevated temperature was investigated by means of the tensile test and of the hydraulic bulge test. For the determination of the strains an optical measurement system was introduced into the experimental set-up. The exact knowledge of the strain condition in the area of diffuse necking enabled the determination of the flow curve in the tensile test also beyond the uniform elongation. The influence of temperature and strain rate was analyzed as well as the influence of uni-and biaxial stress state on the flow curve. Using circular and elliptic dies with different aspect ratio the hydraulic bulge test served to determinate the forming limit curves at three different elevated temperatures.
Introduction
The use of lightweight magnesium sheets in the automotive field offers a great potential to realize a weight reduction without concessions to the mechanical properties of the vehicles structure [1] . At the present time the application of magnesium alloys is mostly limited to parts, manufactured by casting processes. Due to advantageous material properties and a fine-grained structure without porosity, formed sheets of magnesium promise to offer better mechanical properties than castings [2] . The possibility of adopting usual sheet forming processes is restricted by the limited forming ability at room temperature caused by the hexagonal closed packed crystal structure. Due to the activation of pyramid sliding planes at temperatures higher than approximate 200 °C a strong increase in formability can be achieved. Together with hydroforming processes at elevated temperatures, parts of high complexity and advantageous mechanical behavior can be manufactured. Previous works underscore the important influence of the temperature and the strain rate on the mechanical properties of magnesium sheets [3] . For an accurate design of hydroforming processes in the FE-analysis, a mechanical characterization of the AZ31 magnesium alloy was accomplished in conditions of uni-and biaxial strain states. Therefore tensile tests with conductive heating were performed as well as hydraulic bulge tests at temperatures up to 250 °C.
Experimental Procedure for uniaxial tensile tests at elevated temperatures
The uniaxial tensile test is a widely-used test for the material characterization, since it is particularly simple to perform. But performing it at elevated temperatures leads to new problems connected to the sample heating and the higher strains which can be achieved. In fact, in conventional solutions, the sample heating is performed by a furnace, which enclosures the specimen and the clamping devices. The specimen's temperature is not directly measured as it is assumed to be equal to the air temperature inside the furnace and to the temperatures of the clamping devices. Thus the heating up phase takes several minutes, which is no more comparable to the real process conditions in warm hydroforming, where a cycle time smaller than one minute is usual. A much shorter heating time can be achieved by conduction heating using electric current along the specimen's length. A thermocouple is directly welded in the middle of the specimen and is used as loop-back information for controlling the electric flow and to guarantee a constant temperature. The specimen's geometry follows the recommended geometry of [4] and is shown in Fig. 1 .
Fig. 1. Tensile test specimen design
When conducted at higher temperatures, tensile tests of magnesium sheet reveal a strong tendency of diffuse necking before final tearing. Due to the fact, that the specimen's sides do not remain parallel after the onset of diffuse necking, classical strain gauges cannot be used anymore for the determination of flow curves beyond the uniform elongation. Therefore a 2D optical strain measurement system was introduced to the experimental set-up. This system recognizes the surface structure of the specimen in digital images and allocates coordinates to every pixel in the image. The first coordinates are gathered when recording the reference condition (Image 0 in Fig. 2-a) . In the measuring project, this image represents the undeformed state [5] . The continuous recording of images during the test makes it possible to analyze the progression of the deformation (Fig. 2-b) . The determination of a flow curve requires the measurement of the current tensile force and of the crucial cross sectional area. Assuming that the cross section retains its rectangular shape during the whole test, the current specimen's width and thickness in the zone of diffuse necking allows the calculation of the crucial area. The information on major and minor strains, being provided by the optical measurement system was used to calculate these quantities. One of the main challenges in performing tests at higher temperatures is the strain rate control. Especially in the case of strain rate sensitive materials the influence of the strain rate on the flow stress cannot be neglected. The displacement law conventionally adopted for this purpose during tensile tests with specimens uniformly heated contains an exponential term (Eq.1):
(
In Eq. 1 s(t) represents the global displacement law as function of time applied to the machine's traverse, L 0 is the initial gauge length of the specimen and dε/dt the target strain rate for the test. But in the case of a conductive heating, the temperature profile along the specimen's length is not homogeneous, thus the Eq. 1 cannot be applied anymore. The conductive heating of the specimen clamped by non-heated jaws, results in a constant target temperature within a certain zone in the middle of the specimen and a decrease of temperature in zones next to the jaws. As a consequence the strain distribution is also not homogeneous. After the onset of diffuse necking, the strain rate at the margins of the necking zone diminishes to zero, while the strain rate inside the necking zone is increasing. Fig. 4 shows an example of the effect of a constant velocity displacement law on the development of the logarithmic strain rate in the middle of the sample. The diagram indicates an increase of the logarithmic strain rate in the diffuse necking zone in the case of a constant velocity of the machine's traverse. Therefore it appeared to be necessary to decelerate the machine's traverse displacement during the test. As a first attempt a negative exponential law which corresponds to the law in Eq. 1 was applied. In addition a logarithmic law was introduced, which also leads to a decrease of traverse velocity during the test. Both the negative exponential and the logarithmic displacement law were tested at different reference temperatures and target strain rate values. Even good results were obtained in terms of average strain rate constancy due to a decreasing traverse velocity, some discrepancies in the results were noticed. However, the objective of reducing the initially observed strong increase of the strain rate was accomplished. Fig. 5 illustrates an example of a tensile test with a more uniform strain rate evolution Concerning the temperature range for the warm hydroforming of magnesium sheets tensile tests were conducted, following the above described procedure, at temperatures of 200 °C, 250 °C and 300 °C. The impact of the logarithmic strain rate also was examined. The diagrams in Fig. 6 shows that a low strain rate results in a low flow stress level. The lower flow curve values at low strain rates mean that a lower pressure is necessary to completely form the sheet in the die cavity during the hydroforming process. On the other hand, the process cycle time increases, thus reducing the economic efficiency. Three target strain rates of 0.1/s, 0.01/s and 0.001/s were taken into account. For each constellation several tests were conducted and the respective results were merged within one flow stress curve. Especially the flow curves at strain rates of 0.1/s and 0.01/s, representing forming process cycle times shorter than one minute provide a reasonable foundation for the design of warm forming processes. Although major logarithmic strains up to 0.8 were observed in the necking zone (Fig. 3) , the flow stress is only plotted for a logarithmic strain level up to 0.6. Additional investigations on the deformation of the initial rectangular cross section profile and the superelevation of tensile stress in the margins of the necking specimen, caused by notch effects, have led to this decision. 
Hydraulic bulge tests at elevated temperatures
In comparison to the uniaxial tensile test, the hydraulic bulge test is more adequate to simulate the biaxial forming conditions of the hydroforming process. It can be used for the determination of flow curves under biaxial stress condition as well as for the determination of forming limit curves for different biaxial strain conditions. Fig. 7 shows a schematic view of the experimental set-up. The specimen is rigidly clamped between the blank holder and the drawing die and bulged by the fluid pressure. Several drawing die inserts with different elliptical aspect ratios are used to control the minor strain. For the bulging at elevated temperatures, the tool is provided with several electric heating systems including a heated pressure intensifier. The standard circular die opening has a diameter of 115 mm and was used for the determination of flow curves. The deformation and strain distribution of the specimen during the test is recorded by two CCD cameras. The optical strain measurement system, already used in the tensile tests, provides the requested information on the pole height and the strain distribution. The blank thickness at the pole is determined by the values of major and minor logarithmic strain, assuming the volume constancy. In order to determine the flow stress at the pole, the membrane theory, which neglects bending stress, is commonly used [6] . Using a circular die opening and considering an axisymmetric strain condition the following equation can be used:
where p is the hydraulic pressure, R the radius at the pole and t the actual thickness of the blank at the pole. For the determination of the curvature radius and the blank's thickness at the pole, theoretical approaches can be used [6] . Within this work, the information deriving from the optical strain measurement system was used to determine the requested quantities. For each point of the sphere, information on the coordinates and the strain state is being delivered for all stages of the forming progression. A Visual Basic macro-function was programmed for an efficient handling of the information. The development of an accurate method for the determination of the curvature radius proved to be a major challenge. At first equations for a circular and a parabolic approximation of the sample's curvature geometry were introduced. The cartesian coordinates of the points (x-, y-and z-coordinates) were transformed into radial coordinates (r-and z-coordinates) (Fig. 8 ). 
In comparison the circular and the parabolic approach provide similar results for the curvature radius. Nevertheless, in the final stages of the test, the parabolic approach proved to better fit the data in terms of average deviation between the theoretic and the experimentally measured z-value of each point. The observed behaviour is referable to the increased formability of the AZ31 alloy at high temperature which results in pole heights up to 0.45 of the die diameter. Analysing the cross section of such samples, one can find that the sphere curvature radius, usually assumed to be constant, becomes smaller in the pole area. As Fig. 8 displays, a certain amount of points within a certain radius can be chosen for the approximation. At first a limited number of points, e.g. within a diameter of 30 mm, was considered by the approximation in favour of increasing the velocity of the calculation. Later, it appeared to be advantageous to consider more points, e.g. within a diameter of 50 mm, in order to enhance the quality of the calculation. Especially in the very beginning of the test, when low pole heights and high curvature radii prevail, the very low differences in the height of the several points, makes the calculation more sensible to measured noise. In order to get a stable and accurate determination of the curvature radius, the points within the diameter of 50 mm were chosen. The diagram in Fig. 9 shows the flow curves for three different temperatures. The average logarithmic strain rate during the tests was 0.015/s. In comparison to the tensile test, the hydraulic bulge test provides flow curves for equivalent logarithmic strain values up to 1.0. In addition to the presented flow curves, the hydraulic bulge test with elliptical drawing die inserts served for the determination of forming limit diagrams. The minor logarithmic strain was controlled by the variation of the minor elliptical die axis. The maximum strain condition, achieved within the pole area, was used as forming limit condition. Fig. 10 contains the forming limit curves for three temperatures and images of the deformed samples. Considering the limited thermal stability of the pressure medium and the strongly decreasing viscosity of lubricants at high temperatures, a reasonable process window can be detected between 200 °C and 250 °C. The high levels of rupture strain shows the outstanding potential of the magnesium AZ31 alloy for warm forming processes. 
Summary
The findings of the material characterization of the magnesium alloy AZ31 underscore the high potential of this alloy for the warm hydroforming process. The observed decrease of flow stress and increase of formability at temperatures of 200 °C and higher enable to manufacture lightweight parts of high complexity by the means of low liquid pressure levels. Furthermore the benefit of using non-contact optical strain measurement techniques was shown when introduced to common materials testing procedures. The detailed and abundant amount of information provided by these systems will be used for further investigations, dealing with the comparison of experimental results with results from FE-analysis.
